A new method to estimate the stability of supercooled liquid based on the temperature dependence of the free volume fraction, which is obtained by a molecular dynamics simulation with no empirical data was proposed. The molecular dynamics simulations for some Zr-based metallic glasses, Zr 55 Cu 30 Ni 5 Al 10 , Zr 67 Ni 33 and Zr 67 Cu 33 in Zr-Cu-Ni-Al system were performed. The features of the first peaks in calculated radial density functions well correspond to the experimental results by XRD and EXAFS spectroscope. The free volume fractions at 0 K in the quenched amorphous, F quenched , and in ''fully relaxed'' supercooled liquid states, F relaxed , are evaluated by the fitting of the temperature vs freevolume-fraction curve obtained by a molecular dynamics simulation. The calculated normalized free volume fraction N free , defined as F quenched =F relaxed , shows similar tendency with other experimental T rg . criterion. The temperature dependence of the free volume fraction in a supercooled liquid state governs the quenched free volume in the amorphous phase, which shows that the local structures in supercooled liquid or liquid phases are especially important for the glass formation.
Introduction
Recently Inoue et al. found new multi-component amorphous alloy systems with much lower critical cooling rates; Mg-, Ti-, Fe-, Ni-, Cu-, Zr-, Pd-and La-based alloy systems. 1) Some of these amorphous alloys have fairly high glass forming abilities (GFA) and low critical cooling rates (R c ) as 0.1 K/s. 2) They are called ''metallic glasses''. Inoue proposed three criteria for the stabilized supercooled liquid; (1) multi-component systems consisting of more than three elements, (2) significant size difference in atomic size ratios above about 12% among the three main constituent elements, and (3) negative heats of mixing among the three main constituent elements. Other GFA criteria based on T rg 3, 4) (defined as the ratio of glass transition temperature T g and the liquidus temperature T L ), viscosity, 5) suppression effects on crystallization 6) and total relaxation time at glass transition 7) have been proposed. However the studies of GFA still remain at the empirical level and proposed criteria need some experimental data. 8) We focus on an excess free volume in the metallic glasses to estimate the stability of the supercooled liquid. The free volume theory [9] [10] [11] [12] predicts excess free volume in the amorphous alloys. The atomic structure with excess free volume in a glass quenched from the liquid relaxes toward a fully relaxed state during heating at just below glass transition temperature. In this study the stability of the supercooled liquid is estimated by the free volume fractions calculated by a molecular dynamics study. The method can be applied to a variety of systems without referring to the equilibrium crystal state. The excess free volume, which is defined as the difference of free volume between the amorphous and crystal states, is often very difficult to determine, since the equilibrium crystal phases are unknown in new systems or compositions.
Computational Method
The three-dimensional arrangement of atoms in the metallic glasses Zr 55 Cu 30 Ni 5 Al 10 , Zr 67 Ni 33 and Zr 67 Cu 33 was calculated by using a molecular dynamics simulation. The embedded-atom-method potential 13) (EAM) and the alloying model 14) were employed in this simulation. A velocity scaling method was used to control the system temperature. Atomic structures were calculated on a periodic supercell condition to obtain chemically uniform structures. Each cubic cell contained 300 atoms.
First the liquid structures were obtained by keeping the supercell at 1500 K, which is higher than the melting points of these alloys. The initial atomic coordinates were selected randomly, restricting the nearest-neighbor distance not less than 0.2 nm. Amorphous structures were obtained by quenching the liquid from 1500 to 100 K with a cooling rate of 1:4 Â 10 13 K/s. The lengths of the cubic supercells were optimised at 1500 and 100 K to minimize the total energies.
Secondly non-periodic calculations were employed to obtain amorphous structures, relieving unnecessary restraint conditions. Periodic conditions are generally employed in most calculations for the structures of amorphous alloys. The free volume fraction of the amorphous structure calculated under the periodic condition is usually higher than the nonperiodic condition. Non-periodic calculations employed in this study have advantages over periodic ones; a quick timeresponse on the structural changes and self-adjustment of the total cell volume. The amorphous structures were annealed from 100 to 1100 K with a heating rate of 1:0 Â 10 13 K/s to relax the structures. Then they were cooled to 100 K, and 
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annealed again to 1100 K with 1:0 Â 10 13 K/s. The total energies and the excess free volume fractions during the second heating processes were investigated. Only the spherical core part (1.6 nm diameter) of each atom was adopted in the calculation to reduce the artificial surface effect. The free volume was evaluated by using a hard sphere model in which the radii of atoms are defined as the half values of the equilibrium spacing between nearest neighbors r e obtained by the EAM potentials. The total free volume was calculated by counting the number of the cubic cells (0.05 nm on a side), which have no contact with atoms.
The free volume fractions at 0 K in the quenched amorphous, F quenched , and in ''fully relaxed'' supercooled liquid states, F relaxed , are evaluated by the fitting of the temperature vs free-volume-fraction curve using a leastsquares method. The normalized free volume fraction N free was calculated by the following equation.
Results and Discussion
The local structures of the metallic glasses were investigated in the terms of the radial distribution functions (RDF) Fig. 1 . The features of the first peaks in the RDF well correspond to the experimental results by X-ray diffraction 8) (XRD) and by extended X-ray absorption fine structure (EXAFS) spectroscope. 15) Temperature dependences of the free volume fractions during the heating and cooling processes of Zr 55 Cu 30 Ni 5 Al 10 are shown in Fig. 2 . The significant decrease around 400 K in the first heating process represents that the relaxation of atomic structure calculated under the periodic condition. The free volume fraction curves in second heating and cooling processes shows the reversible change in the local structures. The temperature dependences of the total energies presented in Fig. 3 shows a similar tendency as the free volume fractions.
The free volume fraction and the total energy of Zr 55 Cu 30 Ni 5 Al 10 during the second heating process are shown in Fig. 4 . The slopes of both curves change around 600 K, which implies that the amorphous structure quenched from the melt relaxes at 600 K to achieve the equilibrium glass structures.
The Figs. 5-7. The free volume fractions were linearly fitted in order to estimate the intercepts that are corresponding to the free volume fractions at 0 K, F quenched and F relaxed . The slopes and intercepts of the linearly fitted lines are listed in Table 1 . Although the slopes in the amorphous states are very similar, the slopes in the supercooled liquid are quite different as shown in Fig. 8 . The normalized excess free volume N free is estimated as shown in Fig. 9 . The result predicts the sequence of GFA; Zr 55 Cu 30 Ni 5 Al 10 > Zr 67 Cu 33 > Zr 67 Ni 33 . N free is significantly influenced by the increasing rate of the free volume fraction in the supercooled liquid state as shown in Figs. 5-7 . This fact implies that the temperature dependence of the free volume fraction in the supercooled liquid, which is closely related to a small free volume fraction limit F relaxed , governs the quenched free volume in the amorphous phase. The local structures in supercooled liquid or liquid phases are especially important for the glass formation.
The factor N free estimated in this study is compared to a GFA criterion T rg calculated with experimental data 8, 16, 17) in Table 2 . Present N free shows similar tendency with other experimental T rg . criterion. T rg criterion can be employed only when the glass transition is observed. Present evaluation method does not need such empirical data, and well applicable even for the alloys with relatively low GFA, because the cooling rate in the simulation is fairly high.
Conclusions
The results of the molecular dynamics simulation for 
